Radiative force from optical cycling on a diatomic molecule 
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We demonstrate a scheme for optical cycling in the polar, diatomic molecule strontium monoflu- 
oride (SrF) using the X^S"*" -^A'^]li/2 electronic transition. SrF's highly diagonal Franck-Condon 
factors suppress vibrational branching. We eliminate rotational branching by employing a quasi- 
cycling A'^ = 1 ^ A^' = type transition in conjunction with magnetic field remixing of dark Zeeman 
sublevels. We observe cycling fluorescence and deflection through radiative force of an SrF molecular 
beam using this scheme. With straightforward improvements our scheme promises to allow more 
than 10^ photon scatters, possibly enabling the direct laser cooling of SrF. 

PACS numbers: 37.10.Pq, 37.10.Mn, 37.10.Vz 



Recently there has been substantial interest in ground 
state ultracold (< 1 mK) polar molecules, which have 
possible applications to a wide range of topics [h] . Sam- 
ples of ultracold molecules could prove tremendously 
valuable for tests of fundamental symmetries 0, |3, [J, 
for simulation of solid state systems 0,0,01 as qubits 
in a quantum computer and for studying ultracold 
chemistry 9, 10]. Currently the best technique for cre- 
ating ultracold molecules relies on their assembly from 
preexisting ultracold atoms 
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ments have produced ground state polar molecules near 
quantum degeneracy [l^]. Unfortunately only bialkali 
molecules have been produced this way and the number 
of molecules created is fairly small (~ 10'*) |12]- There 
is substantial interest in developing techniques for direct 
cooling of molecules, enabling use of species with differ- 
ent structures (e.g. unpaired electron spins, which are 
important for several proposed applications 0, 0, H, ) , 
and possibly also much larger samples. Molecules have 
been directly cooled using a cryogenic buffer gas [14] or 
via supersonic expansion followed by beam deceleration 
[li ] , but so far the temperature reached with these tech- 
niques is limited to '^10 mK. 

The prospect of direct laser cooling of molecules is 
attractive because large numbers could in principle be 
obtained for new types of species at ultracold temper- 
atures. Unfortunately, molecules possess rotational and 
vibrational degrees of freedom resulting in decays to un- 
wanted sublevels, so finding the closed cycling transitions 
required for laser cooling is a challenge. However, re- 
cent proposals have shown that certain molecules may be 
amenable to laser cooling because their Franck-Condon 
factors (FCFs) suppress decays to excited vibrational 
states [3, Furthermore Stuhl et al. pointed out 

that aF = l— >F' = type transition eliminates decays 
to aU but the initial F = 1 state (We use A'', v, /, S, 
F, M, and P as the rotational, vibrational, nuclear spin, 
electronic spin, total angular momentum, Zeeman, and 
parity quantum numbers respectively.) In this scheme 
dark Zeeman levels in the ground state must be remixed 
to obtain optical cycling 17, isl ]. 
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FIG. 1: Relevant electronic and vibrational structure in SrF 
(color online). Solid upward lines indicate laser-driven transi- 
tions in the experiment at the wavelengths A„_„;. Solid wavy 
lines indicate spontaneous decays from the A(u = 0) state with 
FCFs fov as shown. Dashed wavy lines indicate spontaneous 
decays from the A{v = 1) state populated by the proposed 
second vibrational repump laser (dashed vertical arrow), with 
FCFs fiv as shown. 



Here we propose and demonstrate a scheme for optical 
cycling that uses the X^S^^^ ~^ ^'^^1/2 electronic transi- 
tion in the molecule SrF. This transition has the required 
highly diagonal FCFs. Use of a P branch N=1^N' = 
type rotational transition eliminates rotational branch- 
ing, while a magnetic field remixes the dark Zeeman sub- 
levels. The X(7V = 1) state of SrF has four hyperfine 
structure (HFS) levels, so we outline a technique for si- 
multaneously addressing all of these levels using a single 
laser. We apply this scheme to a cryogenic helium-cooled 
molecular beam of SrF, and observe both cycling fluo- 
rescence and deflection of the beam by radiative force. 
With only one main pump laser and one vibrational re- 
pump laser, our observations correspond to the scatter- 
ing of ^ 150 photons from each SrF molecule. These 
results suggest that addition of a second vibrational re- 
pump laser should allow more than 10^ photon scattering 
events, given sufficient interaction time. This would be 



2 



sufRcient to enable the direct laser cooling of SrF. 

The electronic, vibrational, and rotational structure of 
SrF [l^ make it attractive for potential laser cooling. 
The first electronically excited state has lifetime 

T = 24 ns (natural width r„ = 27r x 7 MHz) [ioi and 
can only radiatively decay back to the ground X^Sjy2 
sta te l2ll . SrF's ground state dipole moment of ^ = 3.5 
D [22j and unpaired electron spin also make it useful 
for several of the previously mentioned applications. We 
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have calculated FCFs for the X^E 



1/2 



A ni/2 tran- 
sition using a Morse potential derived from molecular 
constants 3, 2^[23|. As shown in Fig. 1, the branching 
to w > 3 states is /03+ < 10^^, so using the X{v = 0)^ 
A{v' = 0) transition as the main pump, the X(t; =1)^ 
A{v' = 0) transition as the first vibrational repump, and 
the X(t; = 2)^ A{v' — 1) transition for the second vibra- 
tional repump should result in Nscat = I//03+ > 10^ pho- 
tons scattered before higher vibrational levels are popu- 
lated. Conveniently, these transitions occur at frequen- 
cies where ample power is available in laser diodes. 

By driving = 1 — > A' = transitions, only decays 
back to the A^" = 1 level are allowed. Unlike in the X^S^^2 
state (described by Hund's case b), in the excited A^ni/2 
state (Hund's case a), A^ is not generally a good quan- 
tum number. Here states are instead labeled with the 
coupled rotational plus electronic angular momentum, J 
[iHl. Nevertheless in the J =1/2+ state, projection onto 
the Hund's case b basis shows that A^ is well-defined. As 
shown in Fig. 2a, the ground state of SrF has both spin- 
rotation (5"= 1/2) and HFS (7=1/2) interactions which 
split the A^ = 1 level into four components (26| . HFS is 
unresolved in the A^Hi/2 states [23] ■ The HFS interac- 
tion is not diagonal in either A^ or J, so dipole selection 
rules require only that A_F = 0, ±1 and AP = ±1. Transi- 
tions from any individual A = 1 HFS level then result in 
population distributed over the other three HFS levels, so 
all four HFS levels must be pumped simultaneously. The 
parity selection rule prevents decay from A(J = 1/2+) 
state to any of the X(A' = 0,2) levels. HFS mixing be- 
tween the X{N = 3,F = 2) and (A^ = 1, F = 2) states, 
or between the A(J= 1/2,7^= 1) and (J = 3/2,F= 1) 
states allows decays to the X (A^ = 3) states with small 
branching ratio 77. rj can be estimated using second-order 
perturbation theory, and in both cases rj < 10^^. Decays 
to all other rotational levels are forbidden due to the AF 
selection rules. 

Conveniently, each X(A = 1) HFS level of SrF can be 
pumped using a single laser and an electro-optic modu- 
lator (EOM). As shown in Fig. 2b, a laser of frequency 
fo, passing through an EOM phase modulated at 42.5 
MHz with a modulation index of m = 2.6, produces a 
laser spectrum that nearly matches all four X(A^= 1) 
A(J = 1/2) transitions. For a laser tuned as shown in 
Fig. 2 the detuning from each HFS level is < 10 MHz. 
A significant problem is the presence of dark Zeeman 
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FIG. 2: (a) Relevant rotational energy levels, splittings, par- 
ity, and magnetic (/-factors in the SrF cycling scheme. The 
relevant cycling transitions are shown as vertical arrows, (b) 
Laser (vertical lines) and molecular (dashed curve) spectra 
for addressing all HFS sublevels. Molecular lines are shown 
with a power broadened linewidth of 10 MHz and are equally 
weighted for clarity. For an EOM modulation index of m = 2.6 
and frequency of 42.5 MHz, there is a laser sideband < 10 
MHz detuned from each molecular line. 



sublevels. For instance, if a z-polarized laser is used to 
drive the X-^A transitions, then the X(A^= 1, F = 2, A/ = 
±2) sublevels are dark. Due to HFS interactions, we cal- 
culate that only 3 photons can be scattered on average 
before molecules are pumped into dark states, terminat- 
ing the cycling. Because the X state has a magnetic 
moment of /i ~ /is = 1.4 MHz/Gauss, a magnetic field 
of a few Gauss at an angle < < 90° relative to the 
laser_polarization can remix these levels back into the cy- 
cle [l8i, 2^ ■ The remixing rate is limited to a few MHz 
to avoid broadening the molecular transitions and hence 
reducing the photon scattering rate. With sufficient Zee- 
man mixing our scheme will only be limited by decays 
to higher vibrational levels, so scattering more than 10^ 
photons should be possible. 

We implement our cycling scheme usin g a cryogenic 
buffer-gas cooled molecular beam of SrF [29|. A cop- 
per cell (2.5x2.5x2.5 cm) is attached to the 4K surface 
of a liquid helium-cooled cryostat held under vacuum at 
^1 X 10"^ torr. 4 K He buffer gas flows continuously 
into the cell, leading to a steady state density of ^ 10^^ 
cm~'^. To create SrF we ablate a solid, pressed, SrF2 
target located inside the cell using 5 ns, ~20 mJ pulses 
of 1064 nm light from a Q-switched Nd:YAG laser typ- 
ically operating at 1 Hz. After sufficient collisions with 
the buffer gas, the SrF molecules thermalize to ~4 K. To 
form a beam, an exit aperture of radius 3 mm is placed 
on the face of the cell through which a mixture of He 
and SrF escape. The density of He is large enough that 
the both the extraction efficiency and forward velocity 
are hydrodynamically enhanced |29l . [30j . By measuring 
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FIG. 3: Signals demonstrating cycling fluorescence in SrF. 
LIF signal from the voo pump laser in the pump region with 
i? = G, with B = 7 G, and with both the vio repump and 
B — 7 G. The addition of the magnetic field B results in 
a ~ 3.5x enhancement in signal due to remixing from dark 
Zemman sublevels. The addition of the vio repump results in 
another ~3.5x enhancement, indicating pumping to and from 
the X (v — l) vibrational level as a result of optical cycling. 



Doppler profiles we find the forward velocity of the beam 
to be v\ \ =200 ±30 m/s with a spread of At;|| «40 m/s, 
and the transverse velocity spread Av± « 30 m/s. The 
beam has ~ 10® molecules in the X{v — 0, N ~1) state 
per ablation shot. 

The beam passes through a 6 mm diameter hole in a co- 
conut charcoal-covered 4K copper plate, 2.5 cm from the 
cell. This plate acts as an absorptive skimmer limiting He 
flow into the rest of the apparatus 3l|. The beam then 
exits the cryostat and passes through a 1.5x3 mm slit 
which coUimates the beam transversely to Av± ~3 m/s. 
The room temperature experimental apparatus consists 
of a pump and a probe region, separated by Z? = 12.5 cm. 
The pump region is deflned by two pairs of orthogonal 
4 cm diameter Helmholtz coils used to add a magnetic 
field B, and a 3 cm clear aperture which gives optical 
access to the SrF beam. The main vqo pump and viq re- 
pump lasers have linear polarization, 42.5 MHz sidebands 
shown in Fig. 2b, diameters of 1.1 mm (FWHM), and 
powers of 50 and 60 mW respectively. They are spatially 
overlapped before passing through the pump region along 
the 3 mm axis of the slit. The laser beams are reflected 
around a circular path for a total of 8 passes through the 
molecular beam, all originating from the same direction. 
This results in in = 0.9 cm and to = v^^/Iq = 44 /xs of 
interaction length and time. Laser-induced fluorescence 
(LIF) from the vqo transition is monitored in the pump 
region using a photomultiplier tube. The position of the 
SrF beam in the probe region is determined by imaging 
LIF from the X(iV=l) A(J=l/2) transition onto an 
intensified CCD camera. A "cleanup" viq laser is intro- 
duced between pump and probe regions, to return any 
residual population in the X(w — 1) state back to the 
X{v = 0) state. Both probe and cleanup lasers have 42.5 
MHz sidebands to maximize the LIF, are retroreflected 
to eliminate artificial Doppler shifts, and are linearly po- 
larized. 
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FIG. 4: Radiative force deflection of the SrF beam. Positional 
LIF from the voo probe laser with no lasers in the pump region 
(unperturbed), with woo pump and mo repump lasers in pump 
region (deflected), and with pump laser but no repump or vio 
cleanup laser (depleted). Without the repump and cleanup 
lasers, nearly complete depletion of the v = sublevel is ob- 
served. Addition of these lasers results in nearly full recovery 
of the LIF signal amplitude, indicating optical pumping to 
and repumping from the v — l level. The pump and repump 
lasers also cause deflection of the SrF beam due to radiative 
force. This plot shows raw data, with no rescaling applied. 
Inset: Dependence of the number of scattered photons on the 
interaction time in the pump region. Points are data and 
the line is a fit, showing that Nscat increases linearly with 
interaction time. 



In Fig. 3 we show LIF from the main pump transi- 
tion in the interaction region. The addition of _B = 7 
G (oriented at angle 6*5 = 30° relative to the linear laser 
polarization) increases the LIF by a factor of 3.5. We 
find that the magnitude of the LIF signal does not de- 
pend strongly on the magnitude or direction of B, as 
long as B > 3G and 6b ^ 0,90°. Assuming complete 
remixing of the dark Zeeman states, each molecule should 
scatter A'oo ^ photons. In a separate experiment, 
we determined /lo from absorption spectroscopy on the 
X{v = 1,N = 1)^ A {v' = 1, 0) transitions in the buffer 
cell. From the ratio of observed transition strengths, and 
using the calculated value /n =0.95 (Fig. 1), we deter- 
mined /io = 0.021 ±.005 and correspondingly A^oo = 48, in 
good agreement with our calculations. The LIF enhance- 
ment on application of B indicates that ^ 48/3.5 = 14 
photons are scattered when no i3-field is applied. Al- 
though for B = we expect only 3 photon scatters before 
pumping into a dark Zeeman sublevel, the earth's B- 
field (not canceled in our measurements) is sufficient to 
account for our observations. 

The addition of the vio repump laser further increases 
the LIF by a factor of 3.5, indicating a total of number 
of photons scattered: iVscat~ 170. This represents a sig- 
nificant radiative force on the molecules and, as shown 
in Fig. 4, results in a substantial deflection of the SrF 
beam. The unperturbed SrF beam is approximately 6 
mm wide in the probe region as the result of the colli- 
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mating slit. The addition of the vqq and vio lasers causes 
a shift in position by ^^0.5 mm while the width remains 
~ 6 mm. We also show the LIF signal in the probe re- 
gion without the Viq repump or cleanup lasers. Here only 
5% of the molecules remain in the X(w = 0) state. The 
addition of the vio lasers recovers 90% of LIF signal, indi- 
cating nearly complete pumping to and repumping from 
the X{v = 1) state. The remaining 10% loss is in rea- 
sonable agreement with the expected loss of '--^6% of the 
population to the X(w = 2) level (not repumped in this 
experiment) after 170 photons are scattered. 

We independently determine Ngcat from the observed 
deflection. Each scattered photon changes the transverse 
velocity by the photon recoil velocity Vr = H/MX = 5.6 
mm/s, where M = 107 amu is the mass of SrF and 
A = 663 nm is the wavelength of the vqq transition. 
A deflection of the SrF beam d then corresponds to 

^_ NscatVrD ^ rp-j^ obscrvcd deflection d = 0.5 mm corre- 
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spends to Nscat — 140 which is in reasonable agreement 
with the number estimated from the LIF increase. 

We also measured the deflection as a function of to, 
as shown in the inset in Fig. 4. By varying the num- 
ber of passes in the pump region, we change to from 
to 44 IIS in eight 5.5 us increments. These data clearly 
show a linear increase for Nscat versus to- Fitting the 
linear dependence yields a scattering rate Vscat = 'i MHz. 
We can compare this to the scattering rate expected as- 
suming full saturation of the X(-y = 0[1])^A(?; = 0[0]) 
transitions and complete i?-field remixing of ground state 
sublevels. Here the molecule spends an equal amount of 
time in the 24 X (w = 0, 1) sublevels and the 4 A state 
sublevels. Spontaneous emission requires one lifetime r 
in the excited states, so the maximum scattering rate is 
rmacc=23^xl/T = 6xl0«* s"!. We find F.^at ^ r„,,/2, 
indicating that all transitions are not saturated. We be- 
lieve this may be due to the ^ 10 MHz detuning from the 
X F = transition. 

Given the clear evidence for both optical cycling and 
radiative force in SrF, we believe it should be possible 
to apply these techniques to the laser cooling of SrF. 
The combination of detuning the laser frequencies be- 
low resonance for all HFS lines, retroreflecting the Wqo 
and ?;io lasers, and applying them over sufficient inter- 
action length should result in large transverse cooling 
forces. Furthermore, counterpropagating the lasers rel- 
ative to the SrF beam with a suitable frequency chirp 
should bring the beam to a stop, as needed for loading 
into a trap, after scattering Nstop — = 3.6x10''' photons. 

Finally, we speculate about constructing a magneto- 
optical trap (MOT) for SrF. A B-field alone cannot be 
at the proper angle to the 3 MOT lasers simultaneously, 
so another technique for remixing dark Zeeman sublevels 
must be used. Stuhl et al. proposed using weak DC elec- 
tric field pulses in polar molecules with closely spaced 
il-doublets 17[. A more general technique for remix- 
ing the dark states in polar molecules (not relying on 



r2-doublet substructure) is to apply a microwave field, 
polarized perpendicular to the local MOT magnetic field, 
at the XA^ = 1^A^' = G transition frequency. In such 
a microwave-remixed MOT (MR-MOT), the bright and 
dark N = l states mix via the A^ = levels. For SrF, the 
rotational splitting of this transition is 15.0 GHz, and 
microwave field intensities of only <0.1 W/cm^ are suf- 
ficient to generate remixing frequencies of a few MHz. 

In conclusion, we report on the demonstration of op- 
tical cycling resulting in radiative force in a diatomic 
molecule. Our results are consistent with the scattering 
of ~ 150 photons, limited only by the finite interaction 
time with the lasers. These results suggest a clear path 
to direct laser cooling of SrF or other species with similar 
structure. 
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